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Abstract 

A  detailed  review  of  the  applicability  of  impedance  measurement  as  a  test  of  state-of-charge  or  state-of-health  of  battery  cells  has  been 
performed  in  both  scientific  journals  and  technical  conferences.  The  relationship  between  the  various  impedance  parameters  encountered 
in  the  literature  has  been  investigated.  Only  studies  concerning  lead-acid  and  nickel-cadmium  secondary  battery  cells,  which  are  the 
most  widely  used  batteries  in  industrial  applications,  have  been  considered.  The  rate  capacities  of  the  battery  cells  varied  from  1  A  h  to 
several  thousands  of  A  h.  ©  1998  Elsevier  Science  S.A. 
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1.  Introduction 

The  impedance  techniques  have  been  widely  used  in  the 
last  two  decades  for  investigating  the  kinetics  of  primary 
and  secondary  battery  cells  and  determining  their  state-of- 
charge  (SOC)  or  state-of-health  (SOH).  In  scientific  jour¬ 
nals,  most  studies  concern  laboratory  experiments  carried 
out  on  small  capacity  cells.  Since  1992,  field  experiments 
performed  on  high  capacity  cells  have  been  reported  in 
technical  conferences  (Intelec,  Power  Quality,  American 
Power  Conference,  Power  Sources  Symposium . . . ). 

In  the  literature  concerning  batteries,  the  word 
impedance  has  different  meanings.  In  the  electrochemical 
field,  it  denotes  the  electrochemical  impedance,  defined  as 
the  transfer  function  between  potential  and  current,  which 
is  a  complex  quantity  and  is  usually  measured  using  a 
frequency  response  analyzer.  In  electrical  engineering,  most 
often  impedance  denotes  an  electrical  parameter,  some¬ 
times  called  internal  resistance,  whose  signification  de¬ 
pends  on  the  measurement  technique. 

After  describing  the  various  impedance  parameters,  to¬ 
gether  with  the  measurement  techniques,  this  paper  shows 
what  kind  of  information  may  be  obtained  from  the 
impedance  techniques  and  reviews  the  investigations  un¬ 
dertaken  for  assessing  the  ability  of  these  techniques  for 
determining  the  SOC  or  SOH  of  secondary  lead-acid  and 
nickel-cadmium  batteries. 
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2.  Impedance  parameters 

In  this  section,  the  word  ‘battery’  denotes  either  one 
battery  cell  or  several  cells  in  series. 

2.1.  Electrochemical  impedance 

The  electrochemical  impedance  (or  AC  impedance)  of  a 
battery  characterizes  its  dynamic  behavior,  that  is,  its 
response  to  an  excitation  of  small  amplitude  [1,2],  In 
principle,  any  type  of  excitation  signal  may  be  used  (sine 
wave,  noise,  step . . . ).  However,  in  practice,  sine  waves 
are  most  of  time  employed.  In  galvanostatic  mode,  the  d.c. 
current  I  (polarization  current)  charging  or  discharging  the 
battery  is  controlled  and  a  sinusoidal  current: 

A/  =  /maxsin(2lr./*)  0) 

at  frequency  /,  is  superimposed  to  /,  yielding  a  sinusoidal 
voltage  response: 

Ay=  Vmaxsin(2T7  (2) 

around  the  d.c.  voltage  V  at  the  terminals  of  the  battery. 
The  amplitude  Vmax  and  the  phase  angle  <j)  depend  on  the 
frequency  /.  On  the  contrary,  in  potentiostatic  mode,  the 
d.c.  voltage  V  at  the  terminals  of  the  battery  is  controlled 
and  a  sinusoidal  voltage: 

Ay=l/max  sin  (277/1)  (3) 
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at  frequency  /  is  superimposed  to  V,  yielding  a  sinusoidal 
current  response: 

sin(2ir/f-  6)  (4) 

around  the  d.c.  current  I  flowing  through  the  battery.  In 
that  case,  the  amplitude  7max  and  the  phase  angle  </> 
depend  on  the  frequency  /.  In  both  cases,  the  impedance  is 
defined  by: 

Z(f)  =  (5) 

*max 

Therefore,  the  electrochemical  impedance  of  a  battery  is  a 
frequency-dependent  complex  number  characterized  either 
by  its  real  and  imaginary  parts,  or  by  its  modulus  \Z\  = 

KnaxAnax  and  itS  PhaSe  angle  <t>- 

It  must  be  noticed  that  the  voltage  amplitude  Vmax  must 
not  exceed  about  10  mV  to  ensure  that  impedance  mea¬ 
surements  are  performed  in  linear  conditions.  In  that  case, 
the  excitation  and  response  signals  are  actually  sine  waves, 
and  the  measured  impedance  does  not  depend  on  the 
amplitude  of  the  excitation  signal.  Such  condition  is  easily 
fulfilled  in  potentiostatic  mode  where  Vmax  is  directly 
imposed  by  the  experimenter.  In  galvanostatic  mode,  7max 
must  be  determined  so  that  Vmax  is  close  to  10  mV  at  all 
frequencies,  especially  at  the  lowest  analyzed  frequency 
where  the  impedance  modulus  of  a  battery  is  maximum. 
High  power  a.c.  currents  (several  A)  may  be  required  for 
high  capacity  batteries  whose  impedances  are  in  the  mfl 
range. 

2.7.7.  Measurement  techniques 

Till  the  end  of  the  seventies,  a.c.  bridges  and  lock-in 
amplifiers  were  used  for  impedance  measurement  [3,4], 
From  1977  [5],  most  investigations  were  performed  with 
frequency  response  analyzers  based  on  harmonic  analysis. 
In  some  cases,  white  noise  was  used  as  an  excitation  signal 
in  conjunction  with  Fourier  transform  signal  analyzers. 
Robinson  [6,7]  also  used  the  background  noise  due  to 
time-varying  changes  in  the  load  of  batteries  connected  to 
operating  equipment.  If  small-sized  equipment  is  required, 
as  for  space  applications,  the  impedance  modulus  may  be 
obtained  by  measuring  Vmax  and  7raax  with  simple  root 
mean  square  (RMS)  voltmeters  [8], 

Great  care  must  be  taken  for  measuring  the  low 
impedances  of  high  capacity  batteries.  The  connecting  lead 
and  connector  impedances  are  significant  compared  to  the 
battery  impedance  [9];  the  measurement  procedure  must  be 
improved  by  using  four  leads,  two  for  the  current  flow  and 
the  other  two  for  the  voltage.  Another  point  concerns  the 
selection  of  the  current-measuring  resistor  inside  the  elec¬ 
trochemical  interface  (galvanostat  or  potentiostat);  the  in¬ 
ductive  behavior  of  resistances  lower  than  0.1  fl  induces 
errors  in  the  impedance  measurement  at  high  frequency 
[10]. 

In  many  investigations,  batteries  were  charged  or  dis¬ 
charged  until  the  required  SOC  was  reached;  then,  the 


current  was  switched  off  and,  after  a  period  of  rest,  that  is, 
once  the  equilibrium  was  reestablished,  the  impedance 
measurement  was  performed  in  potentiostatic  mode  at 
open  circuit  voltage.  Several  authors  have  disagreed  with 
this  measurement  procedure,  arguing  that  the  processes  at 
equilibrium  are  different  from  those  involved  during  the 
charge  or  discharge.  They  suggested  to  carry  out  impedance 
measurement  while  the  battery  was  charging  or  discharg¬ 
ing,  that  is  under  nonzero  current  control  [5,11,12],  In  that 
case,  errors  may  appear  since  the  nonstationarity  behavior 
of  the  battery  induces  voltage  drift.  These  errors,  which 
depend  on  the  rate  at  which  the  system  changes,  increase 
with  the  measurement  period,  and,  therefore,  become  sig¬ 
nificant  for  the  lowest  analyzed  frequencies.  Improvements 
may  be  obtained  by  high-pass  filtering  the  current  and 
voltage  signals  before  data  processing  in  the  frequency 
response  analyzer  [13].  Four  dimensional  nonstationary 
impedance  analysis,  which  is  based  on  consecutive  mea¬ 
surements  of  a  series  of  impedance  diagrams  in  a  given 
frequency  range,  also  enables  correction  of  the  errors 
caused  by  the  system  evolution  [12,14,15], 


2.7.2.  Impedance  diagrams 

Impedance  diagrams  may  be  plot  in  the  Bode  plane 
(modulus  in  log  scale  vs.  frequency  and  phase  angle  vs. 
frequency)  or,  more  frequently,  in  the  Nyquist  plane 
(imaginary  part  vs.  real  part).  In  the  latter  case,  electro¬ 
chemists  are  used  to  plot  the  opposite  of  the  imaginary  part 
on  the  ordinate  axis,  so  that  the  capacitive  loops  appear  in 
the  upper  quadrants. 

The  general  shape  of  the  Nyquist  diagram  of  the  com¬ 
plex  electrochemical  impedance  of  a  large  capacity  lead- 
acid  battery  cell  is  given  in  Fig.  1.  This  diagram  presents: 

-  an  inductive  part  at  frequencies  higher  than  100  Hz; 

-  a  high  frequency  resistance  R HF  in  the  range  of  mil, 


Fig.  1.  Shape  of  the  Nyquist  diagram  of  the  complex  impedance  of  a 
large  capacity  lead— acid  battery  cell  (frequencies  in  Hz). 
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which  is  the  real  part  of  the  impedance  at  frequencies 
higher  than  100  Hz; 

-  a  first  and  small  capacitive  loop  (size  /?,)  for  frequen¬ 
cies  between  0.1  and  100  Hz; 

-  a  second  and  large  loop  (size  R2 )  for  frequencies 
lower  than  0.1  Hz. 

2.2.  Conductance  and  internal  resistance  of  batteries 

In  the  literature,  other  electrical  parameters,  more  or 
less  related  to  the  electrochemical  impedance  are  also 
employed.  The  terminology  is  rather  fluctuating,  and, 
sometimes,  it  is  hard  to  understand  which  quantity  is 
actually  measured. 

The  conductance  is  defined  as  the  real  part  of  the 
reciprocal  of  the  impedance.  If  the  phase  angle  4>  is  low, 
the  conductance,  which  is  given  in  fl“ 1  or  mho  or  siemens, 
is  the  reciprocal  of  the  high-frequency  resistance  /?HF. 

Several  definitions  of  the  internal  resistance  have  been 
reported,  each  depending  on  the  measurement  technique. 
This  resistance  is  usually  measured  either  with  a  milliohm- 
meter  or  with  the  period-of-rest  technique  or  with  the 
current-pulse  technique  [16,17].  In  the  former  case,  a  high 
frequency  (typically  1  kHz)  sinusoidal  signal  is  employed 
and  the  milliohmmeter  gives  the  real  part  of  the  complex 
electrochemical  impedance,  that  is  /?HF  with  the  notations 
of  Fig.  1 .  In  the  period-of-rest  technique,  the  charging  or 
discharging  current  I  is  switched  off,  yielding,  after  a 
period  of  rest  T,  a  change  AV  in  the  potential  of  the 
battery  cell.  The  internal  resistance  is  then  defined  as  the 
ratio  AV//.  In  the  current-pulse  technique,  a  current  pulse 
A  /  is  applied  during  the  battery  charge  or  discharge  under 
constant  current,  inducing,  after  time  T,  a  voltage  change 
Ay.  This  leads  to  another  definition  of  the  internal  resis¬ 
tance  as  the  ratio  Ay/A/.  In  the  last  two  cases,  the 
internal  resistance  strongly  depends  on  the  time  T. 

(i)  if  Ay  is  instantaneously  measured  ( T  <  10  ms),  only 
the  ohmic  effects  are  involved;  therefore,  A V /I  and 
Ay/ A  /  are  equal  to  the  high  frequency  resistance  RHF. 

(ii)  if  T  is  about  1  s,  processes  with  time  constants  up  to 
1  s  are  also  involved,  such  as  penetration  of  the  current 
lines  in  the  pores  of  the  electrodes.  Therefore,  A  V/I  and 
AT/ A  /  depend  on  the  parameters  R HF  and  Rt  of  Fig. 
1.  The  contribution  of  /?,  is  strongly  related  to  T  and 
cannot  be  quantified  with  the  only  measurement  of 
A  V/I  or  Ay/A/. 

(iii)  if  T  is  much  longer,  for  example  a  few  minutes, 
A  V/I  and  Ay/ A  /  also  include  the  effects  with  longer 
time  constants,  such  as  mass  transport  in  the  electrolyte. 
Then,  A  V/I  and  Ay/A  /  depend  on  all  parameters 
/?HF,  R |  and  R2  in  a  complicated  way. 

In  cases  (ii)  and  (iii),  the  impedance  parameter  is 
neither  a  pure  resistance,  nor  the  modulus  of  the  electro¬ 
chemical  impedance  at  a  given  frequency.  As  already 
stated,  it  strongly  depends  on  the  time  T,  i.e.,  on  the 
measurement  procedure. 


The  period-of-rest  and  current-pulse  techniques,  which 
can  be  carried  out  at  a  much  lower  price  than  the  electro¬ 
chemical  impedance  technique,  are  usually  employed  for 
investigating  a  possible  relationship  between  the  impedance 
parameters  Ay//,  Ay/A  /  and  the  SOC  or  SOH  of  batter¬ 
ies,  without  trying  to  relate  the  changes  in  these  parameters 
with  the  electrochemical  processes  involved  in  the  batter¬ 
ies.  If  information  on  the  kinetics  of  these  processes  are 
required,  the  electrochemical  impedance  technique  should 
be  preferred. 


3.  Interest  of  battery  impedance  measurement 

The  investigation  of  the  evolution  of  the  impedance 
diagram  of  a  battery  cell  with  SOC  or  SOH  allows  in 
principle,  first,  the  interpretation  and  quantification  of  the 
impedance  diagram  changes  in  relation  with  the  changes  in 
electrode  porosity,  electrode  sulphatation,  electrolyte  con¬ 
centration,  and,  second,  the  determination  of  a  parameter 
(such  as  |Z|  or  <f>  at  a  given  frequency  or  R HF ,  /?,.  R2  in 
Fig.  1),  if  it  exists,  which  could  be  related  to  SOC  or  SOH. 

3.1.  Investigation  of  battery  kinetics 

Numerous  investigations  on  the  kinetics  of  the  electro¬ 
chemical  processes  involved  in  battery  cells  have  been 
reported,  for  lead-acid  cells  [5,12,18-25]  as  well  as  for 
nickel-cadmium  cells  [11,26],  After  some  discussions 
about  the  interpretation  of  the  impedance  diagrams,  the 
following  ideas  are  generally  admitted  to  explain  the 
Nyquist  diagram  of  a  battery  cell  (Fig.  1):  (a)  the  inductive 
part  at  frequencies  higher  than  100  Hz  is  attributed  to  the 
electrode  geometry  and  to  the  connections  inside  the  cell; 
(b)  the  ohmic  resistance  /?HF  is  due  to  the  connections,  the 
separator,  the  electrolyte  resistivity  and  the  surface  cover¬ 
age  of  the  electrodes  by  crystallized  lead  sulphate;  (c)  the 
small  capacitive  loop  (size  Rf)  is  related  to  the  porosity  of 
the  electrodes;  (d)  the  large  loop  (size  R.,)  at  low  frequen¬ 
cies  depends  on  the  sulphatation  reaction  on  the  electrodes 
whose  rate  is  controlled  by  mass  transport  of  Pb2+  ions. 

The  equivalent  circuit  of  a  battery  cell  which  is  repre¬ 
sented  in  Fig.  2  is  widely  accepted  [3,27-29].  Subscripts  p 
and  n  denote  positive  and  negative  electrodes,  respectively. 
Lp  and  Ln  are  inductances,  Rt  p  and  Rt  n  represent  the 
resistances  of  charge  transfer  at  the  electrodes,  Cdlp  and 
Qi,„  are  the  capacitances  due  to  space  charge  distribution 
in  the  electrochemical  double  layers,  Zwp  and  Zw  n  are 


cdl,p 


— II — 

rhf 

— WA— 

— ii — 

— WAA-  Av,p  — 

-VW-  ZW,I1  — 

kMS^-0 


n,n 


Fig.  2.  Equivalent  circuit  of  a  battery  cell. 
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Warburg  impedances  due  to  ion  diffusion  in  the  electrolyte 
and  in  the  pores  of  the  electrodes,  and  A!m,  is  the  ohmic 
resistance  mentioned  above. 

The  impedance  of  a  battery  cell  appears  to  be  the  sum 
of  the  ohmic  resistance  Rw  and  of  the  impedances  of  the 
positive  and  negative  electrodes: 

Zceii  =  Zp  +  Zn  +  Rhf  (6) 

The  determination  of  the  kinetic  parameters  Rv  Cdl  and 
mass  transport  parameters  (thickness  of  the  diffusion  layer, 
diffusion  coefficient)  for  each  electrode  cannot  be  achieved 
with  the  only  measurement  of  the  impedance  of  the  battery 
cell.  Even  if  nonlinear  least  squares  fitting  programs  fit  the 
data  fairly  well  at  a  given  potential,  the  parameters  ob¬ 
tained  do  not  follow  regular  trends  with  voltage  and  cycle 
history  since  the  individual  electrodes  do  not  vary  with 
potential  in  the  same  way  [30],  The  impedances  of  the 
positive  and  negative  electrodes  have  to  be  measured 
separately.  This  is  possible  by  using  a  reference  electrode. 
The  impedance  of  the  positive  (respectively  negative)  elec¬ 
trode  is  obtained  if  the  voltage  signal  is  measured  between 
the  positive  (respectively  negative)  electrode  and  the  refer¬ 
ence  electrode.  As  shown  in  Fig.  3a,  the  two  electrodes  of 


Fig.  3.  The  impedance  diagrams  of  a  fully  charged  lead-acid  battery  (6 
V,  7  A  h).  Polarization  current  7  =  0.  (a)  Curve  1  :  positive  plate;  curve 
2:  negative  plate,  (b)  The  sum  of  a-1  and  a-2  curves  giving  one-third  of 
the  measured  impedance  of  the  battery  (from  Ref.  [5]). 


Fig.  4.  Impedance  characteristics  of  (a)  positive  and  (b)  negative  elec¬ 
trodes  of  a  model  sealed  lead-acid  cell  at  different  applied  charges, 
Cc/Cd,  equal  to  l,  zero;  2,  0.6;  3,  0.9;  4,  1.15;  5,  1.45;  6,  1.95.  The 
following  symbols  denote  frequencies:  O,  10  Hz;  0,  1  Hz;  0.1  Hz; 
€),  0.01  Hz.  Symbols  Cc  and  CA  denote  charge  and  discharge,  respec¬ 
tively  (from  Ref  [23]). 


a  fully  charged  lead-acid  battery  have  impedances  with 
different  magnitude.  It  is  clear  that  the  impedance  diagram 
of  the  cell  does  not  enable  separation  of  the  contribution  of 
each  electrode  in  a  single  way. 

The  contribution  of  the  individual  electrodes  to  the  cell 
impedance  depends,  obviously,  on  the  electrochemical  sys¬ 
tem  investigated,  and  also  on  the  SOC  of  the  cell.  Jindra  et 
al.  [23]  have  measured  the  impedance  of  a  model  sealed 
1 .2  A  h  lead-acid  cell  and  its  electrodes  in  various  experi¬ 
mental  conditions.  They  have  shown  (see  Fig.  4)  that 
during  the  first  half  of  galvanostatic  charging,  the  cell 
impedance  is  controlled  mainly  by  the  positive  electrode 
while  at  higher  SOC  and  during  overcharging  the  negative 
electrode  was  much  more  impedant.  However,  the  ohmic 
resistance  f?HF  of  the  cell  is  given  essentially  by  the 
resistance  of  the  positive  electrode  in  the  whole  range  of 
SOC. 

Other  examples  on  the  use  of  reference  electrodes  for 
kinetics  investigation  are  reported  for  lead-acid  batteries 
[5,12,22]  and  for  nickel-cadmium  batteries  [28].  Reid  [28] 
proposed  to  use  the  cell  case  as  a  reference  electrode  on 
flightweight  Ni/Cd  cells  to  separate  the  cell  impedance 
into  the  contributions  of  each  electrode,  allowing  improved 
diagnosis  of  cell  problems. 

3.2.  Determination  of  parameters  related  to  SOC  or  SOH 

Parameters  likely  to  be  related  to  the  SOC  or  SOH  of  a 
battery  cell  may  be  first  derived  directly  from  its  impedance 
value  at  a  given  frequency,  such  as  the  impedance  modulus 
|Z|,  the  phase  angle  <f>,  the  real  part  Re(Z),  the  imaginary 
part  Im(Z),  the  ohmic  resistance  which  is  Re(Z)  at  fre- 
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Fig.  5.  Equivalent  circuits  of  a  battery  cell. 


quencies  above  100  Hz.  They  also  may  be  derived  from 
the  analysis  of  analog  equivalent  circuits  of  the  battery 
cell. 

The  simplest  circuit  traducing  the  complex  nature  of  the 
cell  impedance  is  represented  by  a  resistance  and  a  capaci¬ 
tance  in  either  a  series  mode  ( Rs  =  equivalent  series  resis¬ 
tance,  Cs  =  equivalent  series  capacitance  in  Fig.  5a)  or  a 
parallel  mode  (Rp  =  equivalent  parallel  resistance,  Cp  = 
equivalent  parallel  capacitance  in  Fig.  5b)  [3].  These  elec¬ 
trical  parameters  are  frequency-dependent. 

1  RP 

r  + - - - E -  (7) 

s  j  2 7r/Cs  1  j  2 tt f  R pCp  V  ' 

Their  dependence  on  SOC  has  been  widely  investigated 
in  the  early  eighties  [3,4]  and  more  recently  [31-33]  since 
they  require  impedance  at  only  one  frequency,  and,  there¬ 
fore,  could  lead  to  simple  SOC  testers.  However,  these 
parameters  are  no  more  used  in  the  electrochemical  studies 
concerning  batteries  because  the  fact  that  each  frequency 
gives  a  resistance  and  a  capacitance  hinders  any  under¬ 
standing  of  the  electrochemical  processes  taking  place  in 
the  cell.  It  must  be  emphasized  that  these  resistance  and 
capacitance  have  no  electrochemical  signification. 

Other  equivalent  circuits  used  for  determining  a  possi¬ 
ble  SOC -related  impedance  parameter  are  based  on  simpli¬ 
fications  of  the  equivalent  circuit  of  the  battery  cell  shown 
in  Fig.  2.  The  circuit  represented  in  Fig.  5c  is  often 
employed  [3,4,29,31,32,34]  because  its  impedance  diagram 
corresponds  to  that  of  Fig.  1.  In  this  simplified  circuit,  the 
parameters  /?,,  Cdl  and  those  related  to  mass  transport  are 
independent  of  frequency.  Hence,  a  SOC  tester  based  on 
the  determination  of  any  of  these  parameters  would  require 
advanced  technologies  since  the  impedance  should  be  mea¬ 
sured  at  several  frequencies.  It  must  be  noticed  that,  except 
if  one  of  the  electrodes  is  much  more  impedant  than  the 
other  (such  as  in  nickel-hydrogen  batteries),  R{  and  Cd, 
are  not  a  charge  transfer  resistance  and  a  double  layer 
capacity,  respectively,  even  if  this  terminology  is  some¬ 
times  used,  since  both  positive  and  negative  electrodes 
contribute  to  the  cell  impedance,  as  shown  above. 


4.  Impedance  as  a  SOC  test:  laboratory  experiments 


Research  in  laboratories  of  impedance  parameters  re¬ 
lated  to  SOC  or  SOH  of  battery  cells  has  been  carried  out 
for  almost  20  years.  Various  parameters  have  been  investi¬ 
gated  for  lead-acid  and  nickel-cadmium  secondary  batter¬ 
ies.  The  more  typical  and  convincing  results  are  presented. 


4.1.  Lead-acid  batteries 

Among  the  various  parameters  investigated,  the  ohmic 
resistance  RHF  is  perhaps  the  more  attractive  since  its 
measurement  may  be  performed  in  short  times  with  simple 
instrumentation. 

In  1981,  Yahchouchi  [35]  and  Gabrielli  et  al.  [36] 
showed  that  the  impedance  of  a  large  capacity  lead-acid 
battery  cell  (2  V,  390  A  h)  increased  when  discharged.  Fig. 
6  shows  that  both  parameters  /?HF  and  Rt  defined  in  Fig. 
1  increased  with  decreasing  SOC.  The  increase  of  /?HF 
was  attributed  to  decreasing  electrolyte  conductivity  and 
increasing  surface  coverage  of  the  electrodes  by  insulating 
crystallized  lead  sulphate.  The  increase  of  /?,,  which  de¬ 
pends  on  the  porosity  of  the  electrodes,  was  likely  caused 
by  a  blocking  of  the  pores  by  lead  sulphate  crystals  and  by 
bubbles  when  overcharging.  Yahchouchi  [35]  thought  that 
1?HF  could  inform  on  the  battery  SOC  for  continuous 
discharges  not  interrupted  by  short  recharges  which  could 
dissolve  the  insulating  crystals  on  the  electrodes.  He  then 
proposed  the  use  of  /?,  as  a  SOC  test  and  Rm  as  a  SOH 
test  for  stationary  batteries  operating  in  floating  conditions. 
Indeed,  since  /?HF  includes  the  resistance  of  internal  con¬ 
nections,  ohmic  resistance  increases  might  enable  detection 
of  internal  damages  due  to  corrosion.  He  concluded  that  it 


Fig.  6.  Impedance  diagrams  of  a  2  V,  390  A  h  tubular  lead-acid  battery 
cell  at  various  SOC.  Impedance  measured  at  zero  current  after  a  rest  of  3 
days  (from  Ref.  [36]). 
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Fig.  7.  Change  in  ohmic  resistance  of  a  6  V,  2.6  A  h  lead-acid  battery 
with  SOC.  Impedance  measured  at  open  circuit  voltage  after  a  rest  of  1  h. 
(from  Ref.  [22]). 

might  be  possible  to  define  an  upper  limit  of  the  ohmic 
resistance  for  each  type  of  battery  and  control  the  battery 
health  periodically  by  comparing  the  measured  value  of 
/?HF  to  this  upper  limit. 

Barton  and  Mitchell  [22]  also  found  correlation  of  the 
ohmic  resistance  with  the  SOC  of  small  capacity  lead-acid 
batteries  (Fig.  7).  The  ohmic  resistance  change  was  at¬ 
tributed  essentially  to  the  change  in  electrolyte  specific 
gravity  during  charge  or  discharge.  They  observed  that  the 
ohmic  resistance  of  a  flooded  cell  with  plates  at  various 
SOC  and  sulphuric  acid  concentration  held  constant,  re¬ 
mained  unchanged  at  all  SOC.  The  same  behavior  was 
obtained  with  a  sealed  6  V,  100  A  h  battery. 

In  1986,  Hughes  et  al.  [29]  proposed  another  method  for 
estimating  the  SOC  of  fully  sealed  lead-acid  battery  cells. 
They  observed  no  consistent  change  with  SOC  in  the 
parameters  defined  in  the  analogue  circuit  shown  in  Fig. 
5c,  and  no  single  frequency  impedance  determination  li¬ 
able  to  provide  a  basis  for  a  test.  However,  the  product  of 
the  ‘charge  transfer  resistance’  Rt  and  the  ‘double  layer 
capacity’  Cdl  was  found  to  correlate  with  the  residual 
charge  for  new  (about  2  years)  and  old  (about  9  years) 
cells.  By  the  way,  it  must  be  remembered  that  R,  and  Cdl 
should  not  be  termed  ‘charge  transfer  resistance’  and 
‘double  layer  capacity’  because  the  equivalent  circuit  of 
the  impedance  cell  employed  for  data  fitting  includes  both 
positive  and  negative  electrodes  whose  evolutions  with 
SOC  may  not  be  similar,  as  stated  above.  Fig.  8  shows  an 
excellent  estimation  in  the  residual  capacity  range  50  to 
100%.  In  Fig.  8a,  Rt  and  Cdl  were  obtained  by  fitting  the 
impedance  diagram  with  the  analogue  circuit  shown  in  Fig. 
5c  and  were  corrected  for  porosity.  In  Fig.  8b,  the  product 
was  derived  with  the  following  relationship: 

1 


where  fc  is  the  frequency  at  the  top  of  the  high  frequency 
semi-circle  in  the  Nyquist  impedance  diagram  (see  Fig.  1). 
A  SOC  test  based  on  fc  determination  would  require 
simple  instrumentation  since  the  isolation  of  the  time 
constant  1  /2i r/c  may  be  obtained  in  a  few  seconds  using 
fast  Fourier  methods.  The  basic  difference  observed  in  Fig. 
8  with  differently  aged  and  differently  treated  cells  was 
attributed  to  different  wears  produced  on  the  positive 
plates  with  the  generation  of  more  fine  particles.  The 
impedance  parameter  could  then  be  a  useful  measure  of 
cell  aging. 

In  a  further  work  on  large  25  A  h,  spiral-wound,  fully 
sealed  lead-acid  cells  [34],  the  authors  observed  that  the 
SOC  test  parameter  /JtCdl  seemed  to  be  independent  of 
cycle  number,  discharge  rate,  and  age  of  the  cell  and  could 
also  be  used  to  indicate  the  SOH  of  such  cells. 

Recently,  Jindra  et  al.  [23]  have  measured  the  impedance 
of  a  model  hermetic  1.2  A  h  lead-acid  battery  cell  and  its 
electrodes  by  using  a  reference  electrode.  They  monitored 
the  impedance  at  0.1  Hz  and,  at  the  same  time,  the 
potential  of  the  electrodes,  the  cell  voltage,  and  the  oxygen 
overpressure  during  continuous  galvanostatic  charging  at  a 


Fig.  8.  Relationship  of  Rtcdi  to  residual  capacity  for  the  (#)  new  and 
(  ▲  )  old  cells,  (a)  from  the  data  obtained  using  the  analogue  circuit  shown 
in  Fig.  5c;  (b)  directly  from  the  experimental  impedance  from  the 
reciprocal  of  the  frequency  at  the  top  of  the  high  frequency  semi-circle 
(from  Ref.  [29]). 
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Fig.  9.  Evolution  of  impedance  characteristics  (modulus  |Z|,  real  part 
Re(Z),  imaginary  part  Im(Z))  at  0.1  Hz,  voltage  V,  and  overpressure  P 
of  a  model  sealed  1.2  A  h  cell  during  galvanostatic  charging  at  a  C6  rate 
(from  Ref.  [23]). 

C6  rate.  Fig.  9  shows  a  characteristic  decrease  of  the 
impedance  modulus  during  the  internal  pressure  increase, 
indicating  that  the  state  of  full  charge  was  reached.  The 
peak  impedance  was  sensitive  to  charging  current  and 
temperature  but  the  character  of  the  curve  was  preserved. 
Hence,  a  test  of  full  charge  based  on  impedance  modulus 
monitoring,  which  requires  a  rather  simple  equipment, 
could  be  envisioned. 

In  conclusion,  various  impedance  parameters  were  in¬ 
vestigated  in  laboratory  experiments  and  most  authors  are 
rather  optimistic  concerning  the  ability  of  the  impedance 
technique  to  provide  a  SOC  test.  Nevertheless,  some  au¬ 
thors  found  that  the  impedance  diagrams  were  too  much 
sensitive  to  temperature  variations  [13].  These  authors 
consider  that  the  impedance  is  not  a  practical  technique  for 
field  uses,  and  must  be  applied  in  controlled  laboratory 
environment  for  studying  the  internal  mechanisms  of  the 
batteries.  However,  a  careful  look  at  their  results  shows 
that  the  ohmic  resistance  was  independent  of  temperature 
variations  and  could  be  the  proper  impedance  parameter  to 
use  as  a  SOC  test. 

4.2.  Nickel-cadmium  batteries 

Similar  impedance  parameters  have  been  tested  for  the 
determination  of  the  SOC  of  nickel-cadmium  battery  cells. 

Concerning  the  ohmic  resistance,  slighter  variations 
with  SOC  were  expected.  As  the  concentration  of  hydrox¬ 
ide  ions  remains  constant  during  charge  and  discharge,  the 
contribution  of  the  electrolyte  might  be  unimportant.  La- 
hav  and  Appelbaum  [8]  measured  the  impedance  modulus 
of  7  A  h  nickel-cadmium  battery  cells  for  low  earth  orbit 


applications,  at  high  rates  and  low  temperatures.  The 
impedance  measurements  were  carried  out  at  high  fre¬ 
quency  and,  since  low  impedance  phase  angles  were  ob¬ 
tained,  the  impedance  parameter  was  essentially  the  ohmic 
resistance.  An  excellent  correlation  between  this  parame¬ 
ter,  the  SOC,  and  the  operating  temperature  T  was  ob¬ 
tained  (Fig.  10),  so  that  the  authors  proposed  an  empirical 
equation: 

RHF  =K0  +  Kl  T+  (K2  +  K3  T)SOC  (9) 

where  Kt  are  fitting  coefficients,  which  could  serve  as  an 
indicator  of  the  battery  SOC  during  missions  in  space.  It 
must  be  emphasized  that  the  /^HF  variations  with  SOC 
were  fairly  small  (about  10%)  compared  to  those  obtained 
with  lead-acid  batteries.  This  probably  explains  the  con¬ 
flicting  conclusions  concerning  the  ability  of  the  ohmic 
resistance  to  follow  the  SOC  of  nickel-cadmium  batteries. 

For  small  0.85  A  h  cylindrical  sealed  nickel-cadmium 
battery  cells  at  room  temperature,  Blanchard  [11]  also 
observed  small  variations  of  ohmic  resistance  with  SOC 
(about  20%)  during  discharge  at  Cl  rate.  Furthermore,  no 
significant  /?HF  variation  was  measured  during  charge  at 
the  same  rate,  except  when  overcharging  where  oxygen 
bubbles  in  the  electrolyte  slightly  increased  the  ohmic 
resistance.  The  difference  between  the  values  of  RHF  at 
the  beginning  of  the  discharge  and  at  the  end  of  the  charge 
could  be  explained  either  by  removal  of  the  oxygen  bub¬ 
bles  during  the  period  of  rest  at  open  circuit  voltage,  or  by 
relaxation  processes,  e.g.,  diffusion,  which  allows  a  uni¬ 
form  concentration  of  electrolyte  to  be  reestablished 
throughout  the  cell.  Wider  variations  were  observed  for  the 
charge  transfer  resistance  Rt,  the  double  layer  capacity 
Cdl,  and  the  impedance  modulus  at  given  frequencies.  As 
for  lead-acid  batteries  [23],  the  monitoring  of  the 
impedance  modulus  at  1  Hz  during  charge  at  Cl  rate 
allowed  determination  of  the  full  charge  state  (Fig.  11a). 
On  the  other  hand,  the  rapid  increase  of  the  impedance 
modulus  during  discharge  at  Cl  rate  indicated  that  approx¬ 
imately  15%  of  the  initial  capacity  was  still  available  (Fig. 
lib). 


Fig.  10.  Internal  impedance  modulus  of  a  7  A  h  nickel-cadmium  battery 
cell  as  a  function  of  SOC  at  charge  current  /c  of  2  A  and  frequency  of 
570  Hz  (from  Ref.  [8]). 
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Fig.  11.  Evolution  of  the  impedance  modulus  as  a  function  of  SOC  during 
(a)  charge  at  Cl  rate:  (*)  |Z|  at  1  Hz,  (■)  |Z|  at  0.4  Hz,  and  (b)  discharge 
at  Cl  rate:  (*)  |Z|  at  1  Hz,  (□)  |Z|  at  0.4  Hz,  (  +  )  Rt  (from  Ref.  [11]). 


Other  impedance  parameters  were  investigated  with 
rather  conflicting  results,  such  as  the  imaginary  part  of  the 
impedance  at  given  frequencies  [9,31]. 


5.  Impedance  as  a  SOH  test:  field  experiments 

In  industrial  applications,  the  estimation  of  the  residual 
capacity  of  secondary  batteries  is  convoluted  since  the 
batteries  are  subject  to  aging  because  of  loss  of  active 
material,  corrosion,  poor  maintenance,  etc.  The  question 
may  be  the  evaluation  of  the  SOH  of  the  battery,  that  is,  its 
actual  capacity  after  recharge,  or  its  SOC,  that  is,  the 
effective  capacity  which  could  be  provided  during  immedi¬ 
ate  discharge.  In  many  applications,  such  as  in  the  uninter¬ 
ruptible  power  supply  systems,  where  reserve  batteries  are 
used  in  case  of  commercial  a.c.  power  loss,  only  the  SOH 
of  these  batteries  is  under  question,  since  they  operate  in 
floating  conditions  and  are  continuously  recharged. 

Very  few  thorough  investigations  of  impedance  parame¬ 
ter  related  to  battery  SOH  in  research  laboratories  have 
been  reported  [37-40],  From  1992,  large-scale  field  exper¬ 
iments  have  been  undertaken  under  the  impulse  of 
impedance/conductance  tester  manufacturers,  Midtronics 
and  AVO-Biddle  Instruments.  First,  valve  regulated  lead- 


acid  (VRLA)  batteries  were  studied  [41-43].  These 
‘maintenance-free’  batteries,  which  had  demonstrated  a 
rapid  expansion  in  many  areas  of  battery  usage,  urgently 
required  a  technique  for  capacity  evaluation.  Traditional 
techniques  used  for  flooded  vented  cells,  such  as  specific 
gravity  measurement,  visual  inspection  of  grid  corrosion 
and  internal  problems,  electrolyte  level  checking,  could  not 
be  applied  because  these  cells  are  sealed.  The  only  reliable 
procedure  to  detect  premature  capacity  failures  was  the 
discharge  test  at  constant  current  to  a  specified  terminal 
voltage,  which  is  expensive,  time  consuming  and  leaves 
the  batteries  to  be  tested  out  of  service  for  an  extended 
period  of  time. 

In  the  last  3  years,  many  results  have  been  published 
concerning  both  gelled  electrolyte  (GEL)  and  absorbed 
glass  mat  (AGM)  VRLA  batteries  [44-52],  flooded  lead- 
acid  batteries  [44,46,48,53,54]  and  nickel-cadmium  batter¬ 
ies  [44]  in  various  applications  (telecommunications,  UPS 
equipment,  electric  power  utility,  automobile,  railroad  sig¬ 
nalling,  etc.). 

Commercially  available  impedance/conductance  testers 
use  a  single-frequency  excitation  signal.  Differences  exist 
in  the  waveform  (alternating  current  at  a  fixed  frequency 
or  square-shaped  current  pulse)  and  in  the  frequency  of  the 
excitation  signal  (1000  Hz  for  the  Hewlett-Packard  4328A, 
60  Hz  for  the  BITE  of  Biddle  Instruments,  about  10  Hz  for 
the  Celltron  and  about  25  Hz  for  the  Midtron  of  Midtron¬ 
ics).  Variations  may  be  also  noted  in  the  algorithms  used 
for  data  processing  (the  HP  4328A  gives  the  impedance 
real  part,  the  BITE  gives  the  impedance  modulus,  and  the 
Midtronics  products  give  the  real  part  of  the  impedance 
reciprocal).  All  these  testers  use  the  four-wire  technique 
and  some  of  them  are  able  to  make  on-line  measurements. 
Other  hand-held  electronic  devices  based  on 
impedance /internal  resistance  measurement  have  been  de¬ 
veloped  for  battery  capacity  estimation  [48,52,55]. 

AC-impedance  diagrams  of  large  flooded  lead-acid 
batteries  with  characteristic  frequency  fc  at  the  top  of  the 
high-frequency  semi-circle  (see  Fig.  1)  varying  from  ap¬ 
proximately  200  Hz  to  1.5  Hz  have  been  reported  by 
Robinson  [56].  As  a  consequence,  the  impedance  parame¬ 
ter  measured  by  an  impedance/conductance  tester  not 
only  depends  on  the  value  of  the  fixed  frequency  of  the 
test  signal  and  the  algorithm  used  in  data  processing,  but 
also  depends  on  the  characteristics  of  the  battery  cell  (type, 
rated  capacity,  electrode  configuration).  In  other  words, 
different  testers  measure  different  impedance  parameters 
for  the  same  cell  whereas  a  given  tester  does  not  measure 
the  same  impedance  parameter  on  all  types  of  battery  cells. 

However,  since  all  commercial  testers  perform  mea¬ 
surements  at  relatively  high  frequencies  (above  10  Hz),  the 
impedance  parameter  is,  roughly  speaking,  close  to  the 
ohmic  resistance  RHF  of  the  battery  cell.  Nevertheless, 
extensive  comparisons  between  the  results  given  by  the 
impedance/conductance  testers  exhibit  systematic  devia¬ 
tions  between  the  conductance  values  and  the  reciprocal  of 
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Calculated  Specific  Gravity 

Fig.  12.  Discharge  capacity  vs.  (a)  float  voltage  and  (b)  calculated 
specific  gravity  for  seven  strings  (168  cells  of  1000  A  h);  string  nos. 
9-15;  263  A  to  1.75  V  per  cell  (from  Ref.  [46]). 


It  is  noteworthy  that  all  values  of  float  voltage  were  within 
the  narrow  manufacturer’s  allowed  range  of  variation, 
while  a  much  wider  capacity  distribution  was  observed 
(from  20  to  180  min)  with  many  cells  under  the  80% 
capacity  limit  (rated  capacity  =  180  min  to  1.75  V  at  263 
A  discharge  rate).  On  the  contrary,  a  fairly  good  correla¬ 
tion  was  observed  between  the  discharge  capacity  and  the 
conductance  measured  prior  the  discharge  test  (Fig.  13a), 
with  a  correlation  coefficient  R2  =  0.825.  The  results  were 
summarized  in  the  ‘box-score’  (Fig.  13b),  which  may  be 
used  as  a  predictive  tool.  The  horizontal  line  (80%  capac¬ 
ity)  in  Fig.  13a  intersects  the  regression  line  at  2.55  kmho 
conductance,  where  a  vertical  line  is  drawn,  marking  the 
conductance  cut-off  value.  The  box-score,  which  contains 
the  number  of  cells  in  each  quadrant  of  Fig.  13a,  indicates 
that  conductance  provides  an  overall  (bad  +  good)  success¬ 
ful  prediction  rate  of  88%  and  has  a  98%  success  rate  in 
predicting  capacity  failures.  Deriving  the  cut-off  conduc¬ 
tance  value  from  a  single  string  discharge  and  comparing 
this  value  to  the  measured  conductance  of  cells  of  the 
same  size  and  design  in  other  strings,  Feder  and  Hlavac 
[57]  and  Hlavac  et  al.  [44]  obtained  accuracies  around  90% 
in  detecting  cells  with  capacity  less  than  80%.  Other 
procedures  have  been  evaluated  to  select  the  most  effective 
technique  for  detecting  cell  failures,  including  the  proper 
choice  of  the  conductance  cut-off  value  [50]  and  the 
possibility  of  single  or  multiple  cell  on-line  conductance 
measurements  [59], 


the  impedance  values  [45,49],  Heron  et  al.  [49]  also  found 
a  partial  repeatability  in  results  for  each  tester,  which 
indicates  the  strong  difficulties  to  precisely  measure  such 
low  impedance  values. 

In  cooperation  with  Midtronics,  Feder  and  Hlavac 
[50,57],  Feder  et  al.  [41,42,46,51],  Hlavac  and  Feder  [58,59] 
and  Hlavac  et  al.  [44,54]  have  published  numerous  papers 
in  the  1992-1996  period  based  on  the  most  significant 
study  of  VRLA  battery  capacity  and  conductance  ever 
undertaken  in  field  and  laboratory  experiments.  Their  re¬ 
sults  have  shown  remarkable  correlation  of  the  conduc¬ 
tance  of  a  battery  and  its  capacity  performance  measured 
by  a  discharge  test.  They  have  also  demonstrated  the 
ability  of  the  conductance  to  identify  potential  premature 
capacity  failure.  Typical  results  on  VRLA  batteries  of  a 
large  (15  strings,  24  cells  each,  1000  A  h  cell)  telecommu¬ 
nications  transmission  plant  are  presented  [41,46].  Fig.  12 
shows  that  the  discharge  time  in  the  capacity  test  (263  A 
rate  to  1.75  V  per  cell)  was  correlated  neither  with  individ¬ 
ual  cell  float  voltage,  nor  with  specific  gravity  determined 
indirectly  by  measurement  of  cell  open-circuit  voltage  with 
the  relationship: 

calculated  specific  gravity 

=  cell  open  —  circuit  voltage  —  0.85  (10) 
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Fig.  13.  (a)  Discharge  capacity  vs.  conductance  and  (b)  box  score  of 
conductance  vs.  capacity  outcome  for  seven  strings  (168  cells  of  1000  A 
h);  string  nos.  9-15;  263  A  to  1.8  V  per  cell  (from  Ref.  [46]). 
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Such  convincing  results  have  not  been  obtained  by  all 
investigators  performing  large-scale  field  experiments. 
Misra  et  al.  [45,60]  found  no  close  correlation  between 
impedance/conductance  and  capacity  of  VRLA  batteries. 
They  consider  that  impedance /conductance  measurements 
cannot  predict  battery  capacity  and  may  only  determine 
gross  defects  such  as  dropped  plates,  severe  grid  corrosion 
or  extreme  dry-out.  Heron  et  al.  [49]  also  claimed  that 
impedance/conductance  testing  is  not  a  perfectly  accurate 
measure  of  the  battery  health,  because  of  the  number  of 
variables  and  potential  sources  of  error  in  the  impedance 
testing.  They  thoroughly  studied  the  sources  of  error  af¬ 
fecting  the  relationship  between  impedance/conductance 
and  capacity,  or  the  reproducibility  of  impedance /conduc¬ 
tance  measurements.  Furthermore,  effects  of  ambient  tem¬ 
perature  and  SOC  of  the  battery  on  the  impedance/con- 
ductance  measurements  have  been  reported  [47,49,61].  The 
variations  induced  by  temperature  have  been  evaluated  to 
less  than  10%  in  absolute  terms  over  the  range  (25°C, 
75°C)  [61],  To  prevent  SOC  influence,  the  batteries  should 
be  fully  recharged  prior  to  impedance/conductance  mea¬ 
surements  [49], 

In  conclusion,  all  authors  agree  that  impedance/con¬ 
ductance  testing  is  a  useful  tool  in  detecting  potential 
problem  cells  which  require  further  investigation.  Most  of 
the  authors  consider  that  discharge  testing  remains  the  only 
accurate  method  of  assessing  the  SOH  of  Batteries. 


6.  Conclusions 

A  review  of  the  investigations  undertaken  for  assessing 
the  ability  of  impedance  testing  for  determining  the  SOC 
or  SOH  of  lead-acid  and  nickel-cadmium  batteries  in 
laboratory  and  field  experiments  has  been  performed  in 
both  scientific  journals  and  conference  papers.  The  draw¬ 
ing  conclusions  are  the  following:  (1)  The  SOC  and  SOH 
undoubtedly  influence  the  battery  impedance;  (2)  Ambient 
temperature  also  affects  the  battery  impedance,  especially 
at  low  frequencies  where  the  kinetics  of  the  electrochemi¬ 
cal  processes  is  under  diffusion  control;  (3)  As  a  conse¬ 
quence,  a  SOC  or  SOH  tester  allowing  field  experiments  in 
uncontrolled  temperature  environment  should  be  based  on 
high  frequency  impedance  measurement  (between  10  and 
100  Hz)  for  determination  of  the  ohmic  resistance,  or  its 
reciprocal  which  is  the  conductance.  In  this  frequency 
range,  the  influence  of  temperature  is  less  than  10%  of  the 
absolute  impedance/conductance  value;  (4)  Lead-acid 
batteries  exhibit  ohmic  resistance  variations  with  residual 
capacity  of  about  100%,  while  much  lower  variations  (of 
about  10%)  were  observed  in  nickel-cadmium  batteries. 
This  seems  to  preclude  any  use  of  impedance  technique  for 
SOH  determination  of  nickel-cadmium  batteries.  Only 
gross  defects  could  be  detected;  (5)  The  low  values  of 
ohmic  resistance  of  large-capacity  lead-acid  batteries  and 


their  rather  small  range  of  variations  (about  100%)  yield 
some  difficulties  in  reproducing  accurate  measurement;  (6) 
Improvements  in  the  calibration  of  commercially  available 
impedance  testers  and  standardization  of  the  measurement 
procedure  are  still  necessary  to  definitely  verify  whether 
impedance  testing  is  able  to  assess  the  battery  condition; 
(7)  Nevertheless,  the  impedance  technique  allows  detection 
of  probable  bad  cells  requiring  further  investigation;  (8) 
No  field  experiment  for  determining  SOC  of  lead-acid 
batteries  with  impedance  technique  has  been  performed. 
This  question  is  convoluted  since  the  SOH  also  influences 
the  battery  impedance. 
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